In the developing mammalian central nervous system (CNS), neural stem cells (NSCs) serve as the common source of the three major neural cell lineages, i.e., neurons, astrocytes, and oligodendrocytes (41) . In early development, NSCs continue self-renewal and expand a pool of undifferentiated cells. These actively proliferating NSCs first give rise to neurons and subsequently differentiate into glia at later stages. Thus, developmental stage-dependent control of the balance between growth and differentiation of NSCs is crucial for proper morphogenesis of the CNS.
A number of extracellular signals have been shown to participate in this control of NSCs. Members of the fibroblast growth factor (FGF) and epidermal growth factor (EGF) families act as mitogens for NSCs (35, 43) . These growth factors also regulate the responsiveness of NSCs to gliogenic signals late in development (32, 37, 44) . In particular, bone morphogenetic proteins (BMPs) and the interleukin-6 (IL-6) family of cytokines (IL-6, leukemia inhibitory factor, cardiotrophin-1 [CT-1], and ciliary neurotrophic factor [CNTF] ) have been shown to act as signals for differentiation of astrocytes (3, 6, 17, 26, 37, 44) .
Another important regulatory mechanism in NSCs is signaling through the transmembrane receptor Notch. Notch receptors are activated by specific ligands expressed on the surface of neighboring cells, thereby mediating signals through cell-cell interactions (8, 45) . Recent studies have demonstrated that Notch signaling plays important roles in many aspects of CNS development (22, 49) . Notably, some studies have proposed that Notch signals induce astrogenesis (9, 14, 15, 21, 40) , whereas others reported that the Notch pathway is involved in the maintenance of NSCs (10, 19, 28, 48) . Thus, the role for Notch signaling in NSCs remains elusive.
To better understand how the Notch pathway controls NSCs, we performed a series of gain-and loss-of-function experiments using neurosphere culture of embryonic forebrain NSCs. We show that Notch signaling controls multiple aspects of growth and differentiation of NSCs through interactions with growth factor and cytokine signals in a stage-dependent manner. In actively proliferating NSCs, the Notch pathway contributed to the maintenance of the undifferentiated state and active self-renewing growth in collaboration with growth factors. Notch signals also regulated the cell cycle progression and cell-cell interactions of NSCs independently of growth factor signaling. During differentiation of NSCs, however, the Notch pathway acted as a potent inducer of astrocytes in collaboration with the gliogenic signal CNTF. Importantly, the RAM domain of Notch1 receptors was required for the selfrenewal and differentiation inhibition of NSCs, whereas it was dispensable for promoting astrogenesis. Thus, different intracellular signaling pathways appear to operate downstream of Notch to regulate NSCs at distinct steps.
MATERIALS AND METHODS
Animals. All animal procedures were performed according to the guidelines of the Institutional Animal Care and Use Committee and the National Institutes of Health.
Neurosphere culture. Neurosphere culture was performed as described previously (29, 42, 47) with some modifications. Rat embryos at embryonic day 13.5 (E13.5) were collected from timed-pregnant Sprague-Dawley rats and placed in an artificial cerebrospinal fluid (124 mM NaCl, 5 mM KCl, 1.3 mM MgCl 2 , 2 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM D-glucose). The forebrain neuroepithelium was removed from the rest of embryos under a dissection microscope (Zeiss SV-11) as described previously (42) . The resultant tissue was dissociated by incubation in a low-Ca 2ϩ , high-Mg 2ϩ artificial cerebrospinal fluid (124 mM NaCl, 5 mM KCl, 3.2 mM MgCl 2 , 0.1 mM CaCl 2 , 26 mM NaHCO 3 , 10 mM D-glucose, 100 units/ml penicillin, and 100 g/ml streptomycin [Mediatech, Inc., Herndon, VA]) containing 0.05% (wt/vol) trypsin (Sigma-Aldrich, St. Louis, MO), 0.67 mg/ml hyaluronidase (Sigma-Aldrich), and 0.1 mg/ml DNase I (Roche, Indianapolis, IN) at 37°C for 10 min. Subsequently, trypsin was neutralized with 0.7 mg/ml ovamucoid (Sigma-Aldrich), and the resultant tissue suspension was triturated mechanically to yield a single-cell suspension. The cells were filtered through a sterile nylon mesh (40 m; Becton Dickinson and Company, Franklin Lakes, NJ) and washed twice with a basal medium (a 1:1 mixture of Dulbecco's modified Eagle's medium and F-12 medium [Invitrogen Corp., Carlsbad, CA] containing 100 units/ml penicillin and 100 g/ml streptomycin). Numbers of viable cells were determined by staining with trypan blue (Sigma-Aldrich).
Neurosphere culture was initiated by seeding cells at a density of 1 ϫ 10 5 to 2 ϫ 10 5 viable cells/ml in the basal medium supplemented with the B-27 supplement (Invitrogen Corp.), 20 ng/ml bovine FGF2 (R&D Systems, Inc., Minneapolis, MN), 20 ng/ml mouse EGF (Roche), 2 g/ml heparin (molecular weight of 3,000; Sigma-Aldrich), and 1 mg/ml bovine serum albumin (BSA) (Sigma-Aldrich) (growth medium). The surfaces of culture dishes were coated with poly(2-hydroxy-ethyl methacrylate) (polyHEMA) (1.6 mg/cm 2 ; Sigma-Aldrich) to prevent cell attachment as described previously (29, 42, 47) .
Retrovirus infection. The following cDNA fragments were obtained by PCR and cloned into the replication-defective recombinant retrovirus vector pMXIG as described previously (29, 46, 47) : constitutive-active Notch1 (ca-Notch1), amino acid residues 1744 to 2372 of mouse Notch1 (GenBank accession number Z11886); ca-Notch1⌬RAM, amino acid residues 1848 to 2372 of mouse Notch1; and dominant-negative Delta-like 1 (dn-Dll1), amino acid residues 1 to 582 of mouse Dll1 (GenBank accession number NM_007865). cDNAs for rat Hes1 and Hes5 and mouse Id1 and Id3 were kind gifts from R. Kageyama (Kyoto University, Japan) and T. Taga (Kumamoto University, Japan), respectively. The retrovirus packaging cell line Plat-E (24) was transiently transfected with these virus constructs by the FuGene-6 lipofection method (Roche), and viruses were collected as the culture supernatant at 2 days after transfection as described previously (24) . The expression of transgene protein products in virus-infected cells was confirmed by Western blotting and immunostaining.
Neurosphere cells were infected with retroviruses under two different conditions. In the early-infection experiment, neurospheres were dissociated and incubated with retroviruses in the presence of 4 g/ml hexadimethrine bromide (Sigma-Aldrich) for 8 h. Subsequently, the cells were maintained in floating culture for 3 days in the growth medium. During this culture period, 30 to 60% of the cells expressed enhanced green fluorescent protein (GFP). The resultant neurospheres were subjected to either neurosphere formation or differentiation assay. In the late-infection experiment, neurospheres were dissociated and seeded onto poly-D-lysine (PDL) (100 g/ml; Sigma-Aldrich)-coated chambers. At 2 days after plating (DAP2), the cells were infected with retroviruses for 8 h. Subsequently, the cells were maintained for additional 6 days in growth medium without FGF2 and EGF. In all infection experiments, the pMXIG virus without cDNA inserts was used as a control.
Neurosphere formation assay. Virus-infected neurosphere cells were dissociated, and GFP-positive cells were purified by fluorescence-activated cell sorting using FACS Vantage (Becton Dickinson). The resultant single cells were plated in polyHEMA-coated six-well plates at a density of 2 ϫ 10 4 cells per well in growth medium containing 0.8% (wt/vol) methylcellulose (Nacalai Tesque, Inc., Kyoto, Japan). The number of GFP-positive cell clusters with a diameter of over 30 m was counted at 1 week after plating under a DMIRB/SLR Leica inverted fluorescence microscope equipped with a Hamamatsu Photonics C5985 chargecoupled device camera (Hamamatsu, Japan). In the neurosphere formation assay in the absence of growth factors, virus-infected cells were seeded at a density of 2 ϫ 10 4 cells (low density) or 1 ϫ 10 5 cells (high density) per well on polyHEMAcoated six-well plates containing methylcellulose. The number of GFP-positive cell clusters was counted at 3 weeks after plating. To culture neurospheres on the adhesive surface, culture dished without polyHEMA coating were used, and clustering and dispersed GFP-positive cell colonies were distinguished under a fluorescence microscope. In some experiments, cells were treated with the following reagents: human CNTF (50 ng/ml; Sigma-Aldrich), human BMP4 (10 ng/ml, R&D Systems, Inc.), the ␥-secretase inhibitor N-[N- (3,5- Differentiation assay. Virus-infected neurospheres were dissociated and seeded onto PDL-coated glass chambers at a density of 6 ϫ 10 4 cells/cm 2 . The cells were incubated for defined periods in growth medium without FGF2 and EGF and subjected to immunostaining. In some experiments, dividing cells were labeled with 5-bromo-2Ј-deoxyuridine (BrdU) (1 M, Sigma-Aldrich) for 2 h.
Transfection and reporter gene assay. pHes1-Luc contained the 354-bp genomic fragment of the mouse Hes1 gene (positions Ϫ193 to ϩ161; GenBank accession number D16464) upstream of the luciferase reporter pGVB (TOYO-INKI) (46) . pE7␤A-Luc contained seven repeats of the E-box motif (CAGGTG) upstream of the ␤-actin core promoter (46) . Luciferase reporter assays were performed using the NSC line MNS-70 as described previously (46) . The cells were grown at a density of 6 ϫ 10 4 cells per well of six-well plate, and transient transfection was performed by the FuGene-6 lipofection method (Roche). Each well received an appropriate reporter plasmid (pHes1-Luc [0.5 g] or pE7␤A-Luc [2 g]) in combination with pEF-BOS plasmids harboring ca-Notch1, caNotch1⌬RAM, and the full-length rat Mash1. The ␤-galactosidase expression plasmid pEF-BOS-␤-gal was included to normalize the results for transfection efficiency as described previously (46) .
Immunostaining. Immunostaining of cultured cells was performed as described previously (29, 47) . Affinity-purified rabbit polyclonal antibodies (PAbs) neurogenin 2 (Ngn2) (1:10,000), Pax6 (1:1,000) (47) , and Prox1 (1:3,000) (42) were described previously. Rabbit PAb for Sox2 (1:1,000) was prepared by immunization with a synthetic oligopeptide that correspond to the N-terminal amino acid sequence of rat Sox2. ). To count cell numbers, cell nuclei were stained with 1 g/ml bis-benzimide (Invitrogen Corp.). To examine cell death, DNA fragmentation was detected by the terminal deoxyribonucleotidyl transferasemediated dUTP-digoxigenin nick end labeling (TUNEL) method using the In Situ Cell Death Detection Kit (Roche). Fluorescent images were observed and captured using a Zeiss Axiophoto2 instrument equipped with a Hamamatsu Photonics C5810 charge-coupled device camera.
Western blot analysis. Forebrain neuroepithelia were dissected from rat embryos at E13.5, E15.5, and E18.5. The resultant tissues and neurospheres derived from E13.5 forebrains were lysed in a buffer containing 50 mM HEPES-NaOH (pH 7.5), 100 mM KCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.5% protease inhibitor cocktail (Sigma-Aldrich), 1 mM Na 3 VO 4 , 10 mM NaF, and 20 mM ␤-glycerophosphate. The resultant extracts were sonicated and centrifuged at 20,000 ϫ g for 15 min at 4°C to obtain cleared cell lysates. Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA) with BSA as a standard. Equal amounts of proteins were loaded, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to Immobilon membranes (NC; Millipore). The membranes were blocked with 1% (wt/vol) BSA in phosphatebuffered saline containing 0.1% Tween 20 and blotted with antibodies for STAT3-pS727 (1:250), STAT3-pY705 (1:1,000), STAT3 (mouse MAb; 1:2,500, BD Biosciences), and lamin B (goat PAb; 1:200; Santa Cruz Biotechnology, Inc.). Immunoreactive bands were visualized with secondary horseradish peroxidaseconjugated antibodies (GE Healthcare, Piscataway, NJ) and ECL reagents (GE Healthcare).
Statistical analysis. The quantitative results are expressed as means Ϯ standard deviations (SD), and the number of replicated experiments is indicated in Results or in the figure legends. Statistical analyses were performed with the two-tailed unpaired t test.
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RESULTS
Stepwise differentiation of NSCs. To delineate multiple regulatory steps in the growth and differentiation of NSCs, we used neurosphere culture of the forebrain neuroepithelium derived from E13.5 rat embryos (roughly corresponding to E11.5 in mice). When plated on the nonadhesive culture surface in the presence of FGF2 and EGF (here collectively called GFs), 4.7% Ϯ 0.5% (n ϭ 6) of the initially seeded cells formed clonally expanding neurospheres. The vast majority of cells comprising these neurospheres expressed nestin and Sox2, and virtually no cells (Ͻ0.1%) expressed markers for neurons or glia (Fig. 1A , AЈ, and D). After passage, 13.4% Ϯ 0.6% (n ϭ 3) of these cells were capable of forming secondary neurospheres ( Fig. 1B ; also see Fig. 5 ). Moreover, these passaged spheres maintained the ability to give rise to neurons, astrocytes, and oligodendrocytes ( Fig. 1C and CЈ) . Thus, these cells retained the capacity of self-renewal and multilineage differentiation, two cardinal properties of NSCs.
We next followed the time course of differentiation of these neurospheres. Upon removal of GFs, nestin-and Sox2-positive undifferentiated cells gradually decreased, and 45.8% Ϯ 3.0% (n ϭ 3) of the cells became TuJ1-positive neurons at DAP2 (Fig. 1D ). Following this early neuronal differentiation, GFAPpositive astrocytes and O4-positive oligodendrocytes emerged at later time points: 8.1% Ϯ 0.1% and 3.4% Ϯ 0.2% (n ϭ 3) of total cells became GFAP positive and O4 positive, respectively, at DAP6 (Fig. 1D ). We observed a similar temporal sequence of neurogenesis and gliogenesis by staining for HuC/D, S100␤, and galactocerebroside (data not shown). We further used three markers to detect intermediate progenitors. cells emerged at DAP1, which was followed by the peak of Prox1-positive cells at DAP2 in neurosphere culture (Fig. 1E ). Thus, two sequential steps were distinguished along the course of differentiation of NSCs: the early transition from NSCs to intermediate progenitors and the subsequent differentiation of neurons and glia (Fig. 1F) . Notch regulates differentiation of NSCs. For genetic manipulations of NSCs, we used the GFP-expressing recombinant retrovirus vector pMXIG (24, 46, 47) . When infected with pMXIG viruses, growing NSCs and their neuronal and glial progeny stably expressed GFP ( Fig. 1G to K). Importantly, virus-infected, GFP-positive cells and noninfected, GFP-negative cells within the same culture exhibited an essentially identical capacity for self-renewal and differentiation. The overall growth and differentiation of cells were also indistinguishable between virus-infected and uninfected cultures (data not shown). Thus, the virus infection procedure did not select specific subpopulations of cells or alter the properties of NSCs.
Previous studies reported that alterations of Notch signaling did not affect the cell fate choice between neurons and glia (10, 19, 28, 48) . We sought to reevaluate this issue by a combination of gain-and loss-of-function experiments. To stimulate Notch signaling, we overexpressed two constitutive-active forms of Notch1: one contained the intracellular domain of Notch1 except for the C-terminal 159 amino acid residues (ca-Notch1), whereas the other had an additional deletion of the RAM domain (ca-Notch1⌬RAM) (46) (Fig. 1L) . To inhibit Notch signaling, we used a dominant-negative form of the Notch receptor ligand Dll1 (dn-Dll1), in which most of the intracellular domain was deleted (47) (Fig. 1L) . We also used the synthetic ␥-secretase inhibitor DAPT to block the ligand-dependent cleavage and activation of Notch receptors (12) .
Unlike control virus-infected cells, the vast majority of cells expressing ca-Notch1 remained as nestin-positive and Sox2-positive cells even after removal of GFs ( Fig. 2A and B) . They neither generated Mash1-positive and Prox1-positive intermediate progenitors at DAP2 (Fig. 2C ) nor differentiated into neurons or glia at DAP6 (Fig. 2A) . In contrast, when caNotch1⌬RAM was overexpressed, the percentage of GFAPpositive astrocytes among GFP-positive cells became much higher than that in the control culture at the expense of TuJ1-positive neurons and O4-positive oligodendrocytes. Inhibition of Notch signaling caused the opposite effects: cells expressing dn-Dll1 or treated with DAPT generated more Mash1-positive and Prox1-positive cells at DAP2 (Fig. 2C ) and differentiated into neurons at a higher percentage at the expense of astrocytes ( Fig. 2A) . DAPT treatment always exerted effects similar to those of dn-Dll1 in neurosphere culture (see below), supporting the idea that it acted primarily as an inhibitor for Notch signaling in our culture. The rate of cell death, measured as the frequency of TUNEL-positive cells among total cells (2 to 3% and 18 to 20% at DAP1 and DAP6, respec- (18, 36, 38) . In our culture, however, overexpression of dn-Dll1 affected the phenotypes of virus-infected cells but not surrounding uninfected cells, demonstrating that it acted predominantly in a cell-autonomous manner. These results suggest that Notch signaling exerts different actions at two distinct steps: the first is to block early transition from undifferentiated NSCs to intermediate progenitors, and the second is to control cell fates at a later step. To test this idea, cells were infected with viruses 2 days after induction of differentiation. In this late-infection experiment, the majority of cells passed through the early differentiation step and many of them became postmitotic neurons. Thus, the major targets for virus infection were intermediate progenitors and cells that were committed to specific lineages but not yet fully differentiated. As described above, when cells were infected with caNotch1 viruses before induction of differentiation, few caNotch1 expressing cells could become neurons or glia (2.0% Ϯ 0.3% of total GFP-positive cells; n ϭ 6). In contrast, when the same viruses were used for late infection, a significant fraction of ca-Notch1-expressing cells differentiated (15.5% Ϯ 1.9%; n ϭ 3) (Fig. 2D) , and the vast majority of such differentiated progenies (about 95%) were astrocytes (Fig. 2E) . Moreover, late infection with ca-Notch1⌬RAM viruses markedly increased the percentage of astrocytes, in parallel with a large (2.6-fold) increase of total differentiated cells (neurons plus glia) in culture (44.5% Ϯ 3.1%; n ϭ 3) (Fig. 2E) . Conversely, dn-Dll1 suppressed astrocyte differentiation and enhanced neurogenesis under the same conditions. These results suggest that Notch signals selectively stimulate astrogenesis once NSCs are released from the early differentiation block. The marked increase of GFAP-positive cells by ca-Notch1⌬RAM also suggests that this ca-Notch1 construct not only stimulates early specification of astrocytes but also promotes subsequent expansion of astrocyte progenitors and their maturation.
Distinct signaling pathways downstream of Notch1. In the experiments described above, two ca-Notch1 constructs exhibited significantly different activities in NSCs. We thus compared their signaling activities using two transcriptional reporters (Fig. 3) . We have previously shown that ca-Notch1 can both activate the transcription driven by the Hes1 enhancer and inhibit the activity of Mash1 (46) . Consistent with previous reports (2, 27), ca-Notch1⌬RAM activated the Hes1 enhancerluciferase construct pHes1-Luc to the same extent as ca-Notch1 (Fig. 3A) . Activation of this reporter depends on RBP-J (also called CBF-1) (45) , suggesting that the RBP-J-dependent signaling pathway remains active downstream of ca-Notch1⌬RAM. Nevertheless, unlike ca-Notch1, ca-Notch1⌬RAM could not inhibit the Mash1-dependent activation of the E-box-containing reporter pE7␤A-Luc (Fig. 3B) . Given that Mash1 plays a crucial role in neuronal differentiation (42, 46) , this inhibition of Mash1 underlies, at least in part, ca-Notch1-dependent inhibition of the early differentiation of NSCs. These results can be explained by the idea that ca-Notch1 exerts its action through two distinct signaling pathways and that caNotch1⌬RAM is defective in activating one of these pathways. Activation of this pathway requires the RAM domain but appears to occur independently of the RBP-J/CBF-1-dependent transcriptional activation of Hes1. These data, however, do not exclude the possibility that ca-Notch1⌬RAM was a weak allele of ca-Notch1 and that its activity was sufficient for activation of pHes1-Luc but not for inhibition of Mash1.
Cross talk between Notch and GF signaling. We next examined the relationship between Notch and GF signaling. When neurosphere cells were kept exposed to GFs, they did not differentiate into either neurons or glia even after being dissociated and cultured in monolayer (Fig. 4A) . Like ca-Notch1, GFs suppressed differentiation at or before the step of induc- (Fig. 4B) . Unlike the results of a previous report (13) , this GF-dependent differentiation inhibition occurred under conditions in which Notch signals were blocked by either dn-Dll1 ( Fig. 4C and D) or DAPT (Fig. 4E) . Conversely, ca-Notch1 could inhibit differentiation of neurospheres in the absence of GFs (Fig. 2A) . Thus, GFs and Notch signals appeared to be capable of blocking differentiation of NSCs independently of each other. We next examined their relationship in terms of the regulation of the self-renewal activity of NSCs. Virus-infected cells were seeded at a clonal density (10 cells/l) into a methylcellulose matrix to prevent spontaneous cell aggregation. Subsequently, the frequencies of cells capable of forming clonal secondary neurospheres were compared among cells infected with different viruses. dn-Dll1 strongly attenuated the formation of neurospheres in the presence of GFs (39% of the control level) (Fig. 5A) . Conversely, ca-Notch1, but not caNotch1⌬RAM, significantly increased the frequency of neurosphere formation in the presence of GFs (Fig. 5B) .
GF-independent action of Notch signaling in neurosphere formation. The above results demonstrate that both GFs and Notch signaling are required for the active self-renewing growth of NSCs. In fact, few cells formed neurospheres without GFs in control culture (0.022% Ϯ 0.006% of initially seeded cells) (Fig. 5C ). We found, however, that a small but significant fraction of cells expressing ca-Notch1 formed clonal colonies even in the absence of GFs (0.47% Ϯ 0.1%; n ϭ 3) (Fig. 5C ). These colonies grew slowly and were composed of nestinpositive and Sox2-positive undifferentiated cells (Fig. 5CЈ to Cٞ and data not shown). After passage, these neurospheres could form secondary spheres at a frequency similar to that for cells expanded in the presence of GFs (8.9% Ϯ 0.6% of total cells; n ϭ 6). In contrast, ca-Notch1⌬RAM did not have the ability to support such GF-independent growth (Fig. 5C ). Overexpression of the inhibitory helix-loop-helix factors Hes1, Hes5, Id1, and Id3, which are known downstream effectors for Notch signals (30, 34) , did not fully recapitulate the activity of caNotch1 either (Fig. 5C and data not shown), suggesting that molecules other than these factors are involved downstream of ca-Notch1.
The above-described neurosphere formation assays were performed at a clonal density (10 cells/l). Under this condition, individual single cells need to survive and divide into two cells to receive Notch signals through cell-cell interactions. However, cells divide only slowly or do not survive well without GFs. Thus, it is likely that not all cells capable of forming clonal colonies can actually grow as neurospheres in such a condition. This could be a reason why more cells formed neurospheres when ca-Notch1 was expressed. To test this idea, we next asked if cells could form growing colonies at a higher frequency when they were maintained at a higher density and thereby had a higher chance to receive Notch signals during the initial period of their survival and growth. In fact, when cells were seeded at a five-times-higher density (50 cells/l), growing colonies were formed at a much higher frequency (an 80-fold increase; 177.9 Ϯ 14.2 colonies/1 ϫ 10 4 cells) in the absence of GFs (Fig. 5D ). Although these colonies were not necessarily clonal, they remained as undifferentiated cells and gave rise to neurons and glia when induced to differentiate (data not shown). Importantly, overexpression of dn-Dll1 and treatment with DAPT strongly suppressed the formation of these colonies, and conversely, ca-Notch1-expressing cells formed colonies at a higher frequency under this condition. These results demonstrate that the survival and growth of NSCs without GFs strongly depend on cell-cell interactions mediated by Notch signals.
A possible explanation for this GF-independent growth is that Notch regulates the expression and/or secretion of endogenous growth-promoting factors, which in turn act on NSCs in a paracrine and/or autocrine fashion. We first tested this idea by using inhibitors for FGF and EGF signaling. The tyrosine kinase inhibitors SU5402 and PD168393 selectively blocked the FGF2-and EGF-dependent formation of neurospheres, respectively (Fig. 5E ). Neither single nor combined treatment with these inhibitors, however, inhibited the clonal expansion of ca-Notch1-expressing neurospheres in the absence of GFs (Fig. 5F ). Thus, it is unlikely that signaling for endogenous FGF2, EGF, and/or related growth factors accounts for the Notch-dependent formation of neurospheres. Yet, it could be possible that growth-promoting factors other than the members of the FGF and EGF families are involved in Notchdependent growth. However, in culture of ca-Notch1 virus- We found two additional GF-independent actions of Notch. To clonally expand as neurospheres, NSCs need to be maintained on the nonadhesive culture surface. When plated on the adhesive surface, cells remained undifferentiated and continued to divide, but they could not form tightly packed floating clusters even in the presence of GFs (Fig. 6A and AЈ) . Although some cells initially formed small aggregates, they eventually collapsed and dispersed on the culture surface (Fig. 6C) . Therefore, the growth of undifferentiated cells and formation of neurosphere colonies were separable under this condition, and GFs were sufficient for the former but not for the latter. Importantly, cells expressing ca-Notch1 maintained tight cell clusters even under this condition (Fig. 6B and BЈ) . These cells formed floating colonies at a much higher frequency than control cells and kept growing as floating clusters for over 3 weeks (Fig. 6C) . Thus, one of the crucial functions of Notch signaling independent of GFs is to enhance the cell-cell interactions of self-renewing NSCs.
We also found that the growth of neurospheres became significantly slower when ca-Notch1 was overexpressed. In the presence of GFs, more than 50% of control cells formed clonal neurospheres with diameters larger than 50 m at DAP7 (average diameter, 62.8 m; n ϭ 647) (Fig. 6D) . In contrast, the majority of ca-Notch1-expressing cells formed much smaller spheres under the same conditions (average diameter, 40.7 m; n ϭ 249). Thus, strong Notch signals appear to partially counteract the growth-promoting action of GFs. In fact, when control and ca-Notch1-expressing cells were labeled with BrdU for 2 h, the percentage of BrdUlabeled cells was significantly decreased by ca-Notch1 in both the presence and absence of GFs (Fig. 6E) . Nevertheless, the percentage of cells positive for the cyclin-dependent kinase inhibitor p27, which represented the fraction of cells that exited the cell cycle, was also lower in culture of ca-Notch1-expressing cells than in the control (Fig. 6E) . Thus, cells with a high Notch activity divided slowly, yet a large fraction of them remained in the mitotic cycle. Altogether, these results demonstrate that Notch signaling controls multiple aspects of the self-renewal mode of growth of NSCs independently of GFs. 
Downloaded from
Cross talk between Notch and CNTF signaling in astrocyte differentiation. As described above, Notch signaling promotes astrogenesis at the late differentiation step. The IL-6 and BMP families of cytokines also play important roles in differentiation of astrocytes (3, 6, 17, 26, 37, 44) . We thus asked how the Notch pathway cross talks with these cytokine signals. We chose CNTF and BMP4 as representatives of IL-6 and BMP family cytokines, respectively.
As shown in previous studies, both cytokines markedly increased the percentage of GFAP-positive astrocytes among total cells (Fig. 7A) . BMP4 also decreased the fractions of both neurons and oligodendrocytes, whereas CNTF reduced only neurons ( Fig. 7B and C) . Importantly, CNTF, but not BMP4, counteracted the suppression of astrogenesis by ca-Notch1 (Fig. 7A) . In ca-Notch1-expressing cells, this CNTF-dependent induction of astrocytes did not accompany the release of the inhibition of neuronal and oligodendroglial differentiation ( Fig. 7B and C) . Thus, when CNTF and Notch signals were combined, NSCs differentiated selectively into astrocytes. Conversely, dn-Dll1 (Fig. 7A) and DAPT (Fig. 7D) significantly attenuated the CNTF-dependent induction of astrocytes, whereas the inhibition of neurogenesis by CNTF remained unchanged (Fig. 7B) . Thus, CNTF-dependent induction of astrocytes appears to require endogenous Notch signals. dn-Dll1 and DAPT also inhibited astrocyte differentiation in the control culture ( Fig. 7A and D) . It has recently been shown that the CNTF-related factor CT-1 is secreted from neurons and acts as the major astrocyte-inducing signal (3). Thus, the above results can be explained by the idea that endogenous CT-1 induces differentiation of astrocyte in control culture and that it requires cooperation with endogenous Notch signaling to fully exert its action.
A similar cross talk was observed between CNTF and GFs. Without CNTF, GFs strongly blocked astrocyte differentiation at both low (2 ng/ml each for FGF2 and EGF) and high (20 ng/ml) concentrations (Fig. 7E ). When combined with CNTF, however, GFs significantly augmented the CNTF-dependent induction of astrocytes. We also found that CNTF markedly decreased the frequency of neurosphere formation in the presence of GFs. Such an inhibitory effect of CNTF was observed even in cells expressing ca-Notch1 (Fig. 7F) . Thus, CNTF blocked the Notch-and GF-dependent self-renewal of NSCs. These results suggest that the mode of cross talk between CNTF, Notch, and GF signals is distinct at the early and late differentiation steps. It appears that CNTF counteracts the differentiation block by Notch and GF signals at the early step. At the late step, however, CNTF collaborates with Notch and GFs to selectively induce astrocytes.
Regulation of STAT3 phosphorylation by Notch, GFs, and CNTF. Recent studies have shown that the transcription factor STAT3 plays important roles in both self-renewal and astrogenesis (1, 3, 7, 17, 21, 25, 33, 37, 44, 50) . We thus examined whether the cross talk between the Notch, GF, and CNTF pathways occurs at the level of STAT3. We examined the phosphorylation of STAT3 at the tyrosine at position 705 (Y705) and the serine at position 727 (S727), both of which are critical for STAT3-dependent transcriptional activation (20) .
We found that CNTF, GFs, and ca-Notch1 all induced nuclear accumulation of STAT3-pS727 (Fig. 8A to C and I) . However, ca-Notch1⌬RAM, which lacked the ability to support GF-independent growth of NSCs, did not induce STAT3-pS727-positive cells. In contrast, STAT3 phosphorylation on Y705 was not induced by ca-Notch1 or GF treatment alone (Ͻ1.0% of total cells) and was induced only weakly by CNTF alone (15.5% Ϯ 4.2%; n ϭ 3) (Fig. 8E to G and I) . The combination of CNTF with ca-Notch1 or ca-Notch1⌬RAM, however, resulted in a marked increase of STAT3-pY705-positive cells (Fig. 8H and I ). Combinatorial actions of CNTF and ca-Notch1 were also observed regarding the phosphorylation on S727 (Fig. 8D and I ). These results demonstrate that the phosphorylation status of STAT3 is differentially regulated in self-renewing cells and in cells induced to differentiate into astrocytes. When Notch and GF signals maintained undifferentiated NSCs, STAT3 was phosphorylated preferentially on S727. In contrast, when CNTF signals acted on such cells in addition to Notch and GFs, STAT3 was phosphorylated on both S727 and Y705 in parallel to astrocyte differentiation. Interestingly, ca-Notch1⌬RAM, which exhibited a strong astrocyte-inducing activity, was a very weak inducer of phosphorylation of S727 and Y705 by itself but strongly augmented the CNTF-dependent response. This result reinforces the idea that Notch-dependent induction of astrocytes occurs in collaboration with endogenous CNTF-related factors such as CT-1 (3).
Lastly, we asked if similar stage-dependent regulation of STAT3 phosphorylation occurs in vivo. In the developing forebrain, NSCs at E13.5 actively proliferate and generate predominantly neurons. Astrogenesis induced by CNTF and related factors such as CT-1 begins at around E15.5, and many GFAPpositive cells differentiate at E18.5 (reference 3 and references therein). In line with this stage-dependent gliogenesis in vivo, the phosphorylation level of STAT3-Y705 was low at E13.5 but progressively increased between E13.5 and E18.5 (Fig. 8J) . In contrast, phosphorylation of STAT3 on S727 was detected at a significant level at E13.5 and remained relatively unchanged between E13.5 and E18.5, in accordance with the persistence of proliferating NSCs throughout development. 
DISCUSSION
Notch signaling plays vital roles in development of a variety of tissues and organs across species (8, 45) . In this study, we have shown that the Notch pathway controls multiple aspects of proliferation and differentiation of NSCs through cross talk with growth factor and cytokine signaling pathways.
Regulation of self-renewal by Notch. The formation of neurospheres has been widely used as a quantitative measure of the self-renewing activity of NSCs (references 35 and 43 and references therein). We used this in vitro assay to examine how Notch signaling controls NSCs. In accordance with previous studies (10, 19, 28, 48) , inhibition of Notch signals attenuated the self-renewal of NSCs, and conversely, constitutive active Notch1 enhanced this activity (Fig. 9, left) . Thus, Notch signaling is crucial for the maintenance of the self-renewing activity of NSCs. Yoon et al. (48) proposed that this is attributable to the regulation of responsiveness to mitogenic GFs (FGF2 and EGF) by Notch signals. In fact, both GFs and Notch were required for the active proliferation of NSCs in vitro. Our data, however, have also demonstrated the actions of Notch independent of GFs. Notch signaling alone could support the clonal self-renewing growth of NSCs by inhibiting their neuronal and glial differentiation, enhancing cell-cell interactions, and regulating the cell cycle progression independently of exogenous and endogenous GFs. Notch signals have also been shown to support NSC survival (16, 23, 31) . In line with this, we found that ca-Notch1 increased the expression of a selective set of cell adhesion molecules, including neural cell adhesion molecule, vascular cell adhesion molecule, cadherin-11, and cadherin-13, and downregulated the expression of many cell cycle regulators such as cyclins A2, B1, and D1 (our unpublished data). Thus, Notch regulates multiple critical aspects of the self-renewal mode of cell divisions both independently of and in collaboration with GFs. Interestingly, Notch and GF signals have been shown to act in a mutually antagonistic manner in certain developmental events (39) . Therefore, the mode of their cross talk appears to be cell type dependent.
Regulation of differentiation by Notch. Previous studies have reported apparently contradictory results regarding the action of Notch signaling in differentiation of NSCs. Some studies have proposed that Notch is not involved in the lineage selection between neurons and glia (19, 28, 48) , whereas others have shown that Notch selectively promotes differentiation of astrocytes (9, 14, 15, 40) . Our data suggest that this apparent discrepancy is likely to be due to differential actions of Notch at distinct steps during the course of differentiation (Fig. 9) . When overexpressed before differentiation induction, ca-Notch1 inhibited both neurogenesis and gliogenesis. This early differentiation block occurred at or before the induction of intermediate progenitors such as Mash1-positive and Prox1-positive cells. In contrast, when ca-Notch1 was expressed at a later stage of differentiation, it selectively stimulated astrogenesis. Conversely, inhibition of Notch signaling by dn-Dll1 and DAPT resulted in enhanced neurogenesis at the expense of astrogenesis. These results can be explained by the idea that Notch regulates differentiation of NSCs at two steps: the first step is the transition from NSCs to intermediate progenitors, and the second step is the subsequent lineage selection between neurons and astrocytes.
Our data also suggest that distinct intracellular pathways operate downstream of Notch at these two steps. Unlike caNotch1, ca-Notch1⌬RAM neither blocked differentiation of NSCs at the early step nor supported the formation of neurospheres without exogenous GFs. Moreover, ca-Notch1⌬RAM did not inhibit Mash1-dependent transcriptional activation or induce phosphorylation of STAT3 on S727. Nevertheless, caNotch1⌬RAM promoted astrogenesis and activated the transcription of the Hes1 promoter and thus retained a part of the activity of the RAM domain-containing form. These results suggest two distinct signaling pathways downstream of Notch1: one is RAM domain dependent, and the other is RAM domain independent. Both pathways appear to be required for the maintenance of undifferentiated NSCs, whereas the former is dispensable for stimulation of astrogenesis.
A well-known molecule that binds to the RAM domain of Notch receptors is RBP-J/CBF-1 (45) . It has been shown, however, that Notch1 lacking the RAM domain still binds to RBP-J/CBF-1 and activates the Hes1 and Hes5 promoters (2, 27) . In fact, ca-Notch1⌬RAM could activate the RBP-J/CBF-1-dependent reporter pHes1-Luc similarly to ca-Notch1. This result suggests that the RBP-J-dependent pathway remains active downstream of ca-Notch1⌬RAM and thus does not account for the difference in the biological activity between caNotch1 and ca-Notch1⌬RAM. Our data have also shown that overexpression of Hes1 or Hes5 does not fully mimic the activity of ca-Notch1. Thus, a signaling pathway(s) other than the RBP-J-Hes pathway appears to underlie the difference between ca-Notch1 and ca-Notch1⌬RAM. Our data, however, do not formally exclude the possibility that ca-Notch1⌬RAM acted as a weak allele of ca-Notch1. Deltex, which binds to both ca-Notch1 and ca-Notch1⌬RAM, could also be involved the Notch-dependent regulation of NSCs (reference 46 and references therein). Overexpression of Deltex1 or Deltex2, however, did not recapitulate the action of ca-Notch1 in neurosphere culture (our unpublished data). Thus, details of this RAM domain-dependent Notch pathway currently remain unknown. Cross talk between signaling for Notch, GFs, and CNTF. Given the two regulatory steps described above, what signal releases the Notch-dependent early differentiation block in NSCs? Our data suggest that CNTF is one such signal. CNTF could induce astrogenesis not only by control cells but also by ca-Notch1-expressing cells which otherwise differentiated into neither neurons nor glia. Yet, ca-Notch1 still blocked differentiation of neurons and oligodendrocytes in the presence of CNTF. CNTF also overcame the differentiation inhibition by GFs. These results are consistent with the idea that CNTF releases NSCs from the Notch-and GF-dependent inhibition at the early differentiation step and subsequently biases the cell fate toward the astrocyte lineage. In line with this idea, CNTF strongly inhibited the self-renewal of NSCs even in the presence of ca-Notch1 and GFs. Thus, CNTF appears to counteract two critical signaling pathways for the maintenance of NSCs. A recent study has demonstrated that CT-1 is the major CNTF-related cytokine for induction of astrocytes in the developing forebrain (3). Thus, CT-1 is a likely to be an endogenous signal that blocks Notch and GF signals in vivo. Interestingly, BMP4, which is also known to act as a potent astrocyte-inducing signal, did not counteract ca-Notch1 in terms of the induction of astrocytes. Thus, the actions of CNTF and BMPs are distinct when NSCs continue self-renewal in a Notch-dependent manner.
Despite such a counteracting action of CNTF on Notch signals regarding the self-renewal of NSCs, CNTF required endogenous Notch signals to stimulate astrogenesis. CNTFdependent astrogenesis was also augmented by GFs. Thus, Notch and GFs appear to have two roles in gliogenesis in vivo. During early development, when NSCs actively proliferate and preferentially give rise to neurons, they act to preserve a pool of undifferentiated NSCs for later gliogenesis. Subsequently, when gliogenic signals emerge at a later stage, Notch and GF signals collaborate with such signals to actively promote gliogenesis.
It is noteworthy that recent studies have proposed that CNTF and leukemia inhibitory factor promote the maintenance of NSCs in the adult brain (4, 10) . Thus, the modes of the cross talk between the CNTF and Notch pathways appear to be distinct in embryonic and adult NSCs. Interestingly, NSCs in the adult neurogenic niche have been shown to share some common properties with astrocytes (11) . A possible scenario thus could be that in embryonic NSCs, CNTF counteracts the Notch intracellular pathway responsible for their maintenance and instead selectively cooperates with another pathway to promote astrogenesis. In contrast, CNTF could synergize with both pathways in adult NSCs so that NSCs maintain the self-renewing activity yet acquire some properties of astrocytes.
Convergence of multiple signals at phosphorylation of STAT3. Recent studies have shown that STAT3 plays an important role in both the differentiation of astrocytes and maintenance of NSCs (1, 3, 7, 17, 21, 25, 33, 37, 44, 50) . Our data suggest that regulation of the phosphorylation status of two critical residues of STAT3, S727 and Y705, is one of the mechanisms underlying the cross talk between Notch, GF, and CNTF signals. STAT3 phosphorylation on S727 was induced by ca-Notch1, GFs, or CNTF alone and thus was not directly associated with astrogenesis. In contrast, phosphorylation on Y705 was not induced by ca-Notch1 or GFs and was induced only weakly by CNTF. Yet, the combination of CNTF and ca-Notch1 markedly stimulated phosphorylation of STAT3 on both S727 and Y705 in parallel to their collaborative actions on astrocyte induction. These distinct phosphorylation conditions could explain how STAT3 participates in the regulation of both selfrenewal and astrocyte differentiation. It could be that phosphorylation of STAT3 on both S727 and Y705 leads predominantly to astrogenesis, whereas STAT3 phosphorylated on S727, but not on Y705, contributes to the maintenance of NSCs. Further studies are necessary to reveal how such differentially phosphorylated STAT3 proteins regulate the fate of NSCs in distinct manners. It also remains to be investigated what molecules other than STAT3 are involved in the cross talk between Notch and other signaling pathways in NSCs.
